Solids suspension in a stirred tank with a down-pumping pitched-blade turbine impeller has been investigated by using particle image velocimetry (PIV) experiments as well as direct numerical simulations (DNS) with a lattice-Boltzmann ( 
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Doppler Anemometry (LDA) (Guiraud et al., 1997; Micheletti and Yianneskis, 2004; Virdung and Rasmuson, 2007b) have been widely used. Optical accessibility is a major limiting factor when applying such techniques to solid-liquid two-phase systems, especially those with high solids loadings. The presence of particles will obstruct and scatter the laser light which will render results of poor quality. Therefore, the solids volume fractions in the researches were usually limited to 1% (Unadkat et al., 2009; Montante et al., 2012; Guiraud et al., 1997) . In order to solve this problem, the refractive index matching (RIM) method was proposed and applied in the stirred tanks that carry out solid-liquid mixing processes (Li et al., 2018; Rasmuson, 2007a, 2007b; Gabriele et al., 2011; Micheletti and Yianneskis, 2004) . In most experimental studies on solid-liquid flow, the spatial resolution of the optical techniques is such that flow around individual particles cannot be resolved. In previous work (Li et al., 2018) we performed refractive index matched PIV experiments with a resolution of approximately one velocity vector per millimeter in a turbulent solid-liquid flow system with 8 mm diameter particles. This combination of resolution and particle size allowed us to study the flow around individual particles in a dense suspension (tank-averaged solids volume fractions up to 8%) (Li et al., 2018) . In the present paper a similar experimental approach is taken, now for a flow system in the transitional regime. In addition, we will present results of particle-resolved numerical simulations of the same systems as studied experimentally so as to compare simulation results with the highly resolved experimental data.
Numerical simulations of solid-liquid two-phase systems can be divided in Eulerian-Lagrangian (E-L) and Eulerian-Eulerian.
In the latter, liquid and solids phase are treated as (interpenetrating) continua; in the former, discrete particles are tracked through a continuous liquid phase. In this paper only the E-L approach will be considered. Generally, direct numerical simulation (DNS) or large-eddy simulation (LES) are favorable choices to deal with the continuous phase compared to an approach based on the Reynolds-averaged Navier-Stokes (RANS) equations when studying the turbulent characteristics in a stirred tank by an E-L approach. This is because the role of stochastic particle tracking models to account for the effects of turbulence on particle motion is more important in RANS than it is in LES, and no stochastic model is needed in a DNS. In applications dealing with dilute solid-liquid systems the effects of the finite size of the particles as well as particle-particle interactions have often been ignored (Derksen, 2003) . By applying volume-averaged Navier-Stokes equations, collision and lubrication force models as well as drag correlations that take into account the local solids volume fraction, more recent work does incorporate finite size effects and is therefore able to realistically deal with dense suspensions (Derksen, 2018) .
Since in many cases contacting liquid and solid is an important goal of agitated solid-liquid systems, the phenomena that occur at the particle scale are at least as important as overall characteristics such as power consumption and mixing times. In 5 computational work this translates in a trend towards resolving flow and scalar transport at the length scales of the particles (Derksen, 2012 (Derksen, , 2014a . This trend is facilitated by the increasing availability of computational resources as well as developments in numerical methods. Nowadays Eulerian-Lagrangian simulations are feasible with millions of point particles being tracked through the liquid phase (Derksen, 2006 (Derksen, , 2009 (Derksen, , 2018 , thereby revealing extensive detail of liquid and solids dynamics as well as the possibility to record the history of exposure to flows and scalar concentrations of individual particles (Derksen, 2014b) . In simulations with even finer resolution, the flow around individual particles is resolved. This largely eliminates the need for empirical input (e.g. for the drag force, or mass transfer coefficients) in the simulations. In such particle-resolved simulations the grids on which the liquid flows are solved typically have spacings that are one order of magnitude smaller than the particle size and thus are able to explicitly impose no-slip and non-penetration (for mass transfer) conditions at the actual solid-liquid interface (Derksen, 2012 (Derksen, , 2014a (Derksen, , 2014b .
As for virtually all simulations, guidance and validation from experimental work is vital. Given the high resolution reached in simulations, we seek comparable resolution in experiments: we are looking for experimentally resolving the flows around individual particles suspended in an agitated tank in the transitional flow regime under moderate to high solids loading conditions. This has been achieved by an experimental setup with refractive index matching of solids and liquid. In this setup PIV is applied with a spatial resolution much finer than the size of the spherical particles.
The aim of this article is firstly to perform highly resolved experiments on the liquid flow field including the flow around the particles thereby investigating solid-liquid interactions at the particle scale in a dense, agitated suspension. In the second place, the process of solid-liquid suspension is mimicked by using particle-resolved simulations based on the lattice-Boltzmann (LB) method under the same operating conditions as in the experiments. The presence of particles influences the flow behavior in the mixing tank. This we investigate by characterizing the system in terms of averages of statistical quantities such as velocity, velocity fluctuation levels, and local solids volume fraction. The third aim of the paper is to assess to what extent particles influence liquid flow properties and how simulations are able to represent these effects in the light of the highly resolved experimental data. In the fourth place, the research as described in this paper has generated a unique set of experimental data that is available for validation of numerical approaches different from the one we have described here. This paper is organized as follows: in the next section, the experimental setup is discussed, including the flow system, properties of the solids and liquid, PIV system and image processing. Then, the LB-based numerical approach is briefly summarized. Subsequently, in the "Results and Discussion" section, we firstly present the evolution of the solid-liquid 6 suspension process in the simulations and then compare the simulated results with the experimental data in both instantaneous and statistically averaged sense. The last section provides the conclusions. The stirred tank has height h = 300 mm and a square bottom whose side length (T) is 220 mm. The tank is made of transparent tempered glass and a PMMA lid was set at the vertical position H = T. This is used to avoid air entrainment and at the same time to provide a no-slip boundary condition at the liquid surface, in accordance with the boundary condition in the numerical simulations. The impeller is a 45°pitched-blade turbine (diameter D = 158 mm, four blades) that operates in the down-pumping configuration. The off-bottom clearance (C) is 44 mm (C = T/5). The measurement plane in the experiments is marked as the blue frame in the left panel in Figure 1 , which was between 0 < z/H < 0.5 and 0 < x/T < 0.5. The impeller angle (θ) between the measurement plane and the impeller blade was fixed to 60 o as shown in the right panel in Figure 1 . The same silica glass spheres (average diameter d p = 8 mm with a standard deviation of 0.2 mm) as used in our previous research (Li et al., 2018) are selected as the disperse phase in the current study. A sucrose and sodium chloride aqueous solution (sucrose: sodium chloride: deionized water = 84 : 10 : 50 by weight) was made and used as the continuous phase to match the refractive index (RI) n of the disperse phase. This way it is possible to measure the liquid velocities in the presence of particles up to a solids volume fraction Φ = 8%. The specific properties of both the continuous phase and the disperse phase are listed in Table 1 . Figure 2 illustrates that the optical distortion becomes obvious when the RI difference reaches around 0.007 (compare Figure 2b and Figure 2d ). The distortion nearly disappears (at least by naked eye) when the RI difference becomes less than 0.001 (compare Figure 2c and Figure 2d ). A change of temperatures will affect the RI value as well as the viscosity of the liquid. Therefore, in order to ensure the accuracy of the experiments, the temperature was controlled and kept at 21 ± 0.5 °C. For the liquid used in the current experiments, the RI value and the dynamic viscosity decrease by 0.00023 and 0.0087 Pa⋅s (4%) respectively with a rise in temperature of 1 °C.
Experimental setup

Flow system
Experimental materials and refractive index matching method
Operating conditions
This paper mainly focuses on how the presence of solids affects the liquid flow field in the mixing tank. We have generated five PIV experimental data sets with different tank-averaged solids volume fractions: 0%, 1%, 3%, 5% and 8%. The 
As a coarse estimate, if we set the dimensionless parameter s = 5 and Φ = 8% in the equation above, then N js = 11.9 rev/s. The impeller speed in the current study thus is lower than N js , at least for Φ = 8%, which implies a situation with not fully In the PIV experiments, the size of the interrogation windows was 48X48 pixels with 50% overlap. The resolution of the images was 41.60 μm/pixel which led to a velocity vector resolution of 1.0 mm. Thus, there are eight vectors per particle diameter, which means the flow fields around the particles are well resolved. The INSIGHT 3G software that is used to process and analyze the PIV data goes through the following stages: first, a Fast Fourier Transform algorithm is applied to carry out the cross-correlation processing; second, the Nyquist Grid combined with ZeroPad Mask method was adopted to interrogate the cross-correlation fields; third, the Gaussian subpixel estimator was applied to mitigate peak-locking effects (Christensen, 2004) .
PIV experiments
The PIV images have also been analyzed with the purpose of detecting the solids spheres in order to determine spatial distributions of the solids volume fraction. The circular boundaries of the spheres in the raw PIV images have been detected by the same Matlab code used in our previous investigation (Li et al., 2018) . The principal steps in this code are the adjustment of the image intensity and the Circular Hough Transform (CHT) algorithm. The Matlab function imadjust was used to increase the contrast of the image after transforming the raw RGB PIV images into gray images. The Matlab function imfindcircles (MathWorks Inc, 2016 ) was used to perform the CHT to find the circles in the images. The main input parameters in the latter function were set as follows: 'Bright' and 'PhaseCode' were chosen for the Object polarity and the Computation method, respectively (Atherton and Kerbyson, 1999) . The Sensitivity factor was set to 0.93, and the Edge gradient threshold to 0.01.
More details about how these parameters were determined can be found in Li et al. (2018) . This detection process is very important because this makes it possible not only to determine where the spheres are in the stirred tank but also to remove the unphysical liquid velocity vectors inside the spheres. However, it should be noted that the particle velocities cannot be measured in the current experimental setup. One reason is that the PIV capture frequency is too low (1 Hz) so that the impeller has rotated about eight revolutions in the one-second period between two successive PIV captures. Another reason is that the time interval between the two frames of one PIV capture is too short (60 μs) to reliably measure the particle's displacement and so obtain an accurate particle velocity estimate (Feng et al., 2011) .
The thickness of the laser sheet in our PIV system is about 1 mm. In order to see how one particle was illuminated by the laser sheet, was registered by the camera, and how the image of the particle was processed, we performed a simple experiment. We placed one silica glass sphere with diameter of 8 mm on the bottom of the tank and kept it static. We moved the laser sheet carefully so that it just illuminated the edge of the sphere (see image 1 in Figure 3 ). Then we moved the laser sheet along the particle diameter with steps of one millimeter and captured the particle (see images 2-9 in Figure 3 ) until the laser sheet did not touch the sphere anymore (see image 10 in Figure 3 ). The images in Figures 3 clearly show the outline of the particle when it was illuminated at different positions relative to the sheet and confirm the one-millimeter thickness of the laser sheet. The image sequence is not perfectly symmetric; there are some differences between images 3 and 8 as well as images 4 and 7 in Figure 3 . The particle in images 3 to 8 in Figure 3 can be accurately detected, as indicated by the red circles in Figure 3 . In calculating the simulated solids volume fraction, we also took into account a plane with thickness of 1 mm. Any particle in contact with the one-millimeter plane was included in calculating the local solids volume fraction. In the experiment, the particle cannot be detected when it is only illuminated by the very edge of the laser sheet, as shown in the images 2 and 9 in Figure 3 . Such particle positions, however, are considered when processing the simulation results so that in this respect the experimental solids volume fraction might be slightly underestimated.
Flow field analysis
Five different series of PIV experiments were performed having tank-averaged solids volume fractions (Φ) of 0%, 1%, 3%, 5% and 8% and a fixed impeller angle of θ = 60 o . In each series, 500 image pairs were captured and used to analyze and calculate the distribution of averaged solids volume fraction and the averaged liquid velocity fields. As demonstrated in our
based on a local pseudo-isotropic assumption (Gabriele et al., 2011; Liu et al., 2010) .
Therefore, the TKE has been approximated as ( ) Khan et al., 2006) . The same procedure was applied to the simulations in order to have a fair comparison between the experimental date and simulated results. When presenting results in this paper, all velocities were normalized by the impeller tip speed v tip , and the TKE was normalized by
Numerical simulations
The process of solid-liquid suspension was also investigated by numerical simulations. The simulation procedure was the same as that used in Derksen (2012) . In the simulations, all the geometrical parameters, physical properties and operation conditions were set the same as those in the PIV experiments by matching the dimensionless numbers of the experiments.
The LB method (Chen and Doolen, 1989; Succi, 2001 ) based on the scheme proposed by Somers and Eggels (Somers, 1993; Eggels and Somers, 1995) (Tennekes and Lumley, 1973) , with Re = 1334. The resolution of our simulations thus satisfies the typical criterion for carrying out a DNS: ∆ ≤ πη (Moin and Mahesh, 1998; Eswaran and Pope, 1988) .
In order to simulate incompressible flow, liquid velocities need to stay well below the speed of sound of the LB scheme, in which the speed of sound is of order one in lattice units. This is achieved by limiting the impeller tip speed -which is a good measure for the highest liquid speed in the tank -to 0.1 in lattice units which is realized by setting the impeller to make one revolution in 6120 time steps. The kinematic viscosity was set as v = 0.0044 (in lattice units) to match the Reynolds number in the experiments.
In terms of the boundary conditions, the no-slip boundary condition was applied to the tank walls (bottom, top and side walls) by means of the half-way bounce-back rule (Succi, 2001 ). The immersed boundary method (Derksen and Van den Akker, 1999; Ten Cate et al., 2002; Goldstein et al., 1993 ) was adopted to impose the no-slip condition at the surfaces of the impeller and the particles.
With respect to collisions, a hard-sphere collision algorithm according to two-parameters model (restitution coefficient e and friction coefficient μ) (Yamamoto et al., 2001 ) was used to perform the collisions among the spheres as well as the collisions between the spheres and the tank wall. In solid-liquid systems, the energy dissipation of particles largely happens in the liquid, not so much during collisions between particles. Therefore, the restitution coefficient is not a critical parameter when studying the overall suspension behaviour (Derksen and Sundaresan, 2007) . The restitution coefficient was set to e = 1 in the whole study. For the friction coefficient, a previous numerical study of erosion of granular beds (Derksen, 2011) shows that a zero or a nonzero friction coefficient will affect the results significantly. However, the precise nonzero value has only weak impact on the behaviour of the flow system. With μ = 0.1, the simulations could reproduce the experimental data on incipient bed motion correctly, therefore the same μ was used in this work. For the collisions between the spherical particles and the impeller, a soft-sphere collision model was adopted, in which a repulsive force is exerted on a particle when its volume overlaps that of the impeller. In order to ensure the stability of the numerical simulations and at the same time limit the maximum overlapping volume of a particle with the impeller to approximately 0.5% of the particle volume, the collision time was set to 10∆t; during this time the impeller rotates approximately 0.6°.
For close-range hydrodynamic interaction between the particles we apply lubrication force modeling where we limit ourselves to the radial lubrication force. Based on the creeping flow assumption for the flow in the space between two spherical surfaces undergoing relative motion (Kim and Karrila, 1991) , the radial lubrication force between two spheres i and j is: 
In equation (1), a i and a j are the radii of sphere i and j, respectively. s is the smallest distance between the surfaces of these two spheres, which is 
In equation (2), s 0 is the upper limit of the distance above which the lubrication forces is switched off; s 1 is the lower limit of the distance below which the lubrication forces get saturated. The settings for s 0 and s 1 were s 0 = 0.1d p and s 1 = 10 -4 d p . It should be noted that the tangential lubrication forces and torques were neglected because they are much weaker compared to the force in the radial direction. it comes to the forces and torques the particles exert on the liquid (and vice versa). It might be that the spatial resolution (9.6 grid spacings per sphere diameter) is not sufficiently high to resolve the flow around the particles. Particularly in the impeller outstream where particle-based Reynolds numbers can reach levels well above 10 2 more resolution is required. Finally, we present the fluctuation levels of the liquid velocities, which are only caused by erratic fluid motion brought about by particles as well as turbulence generated by the impeller. This is because our velocity measurements were done for a specific angle of the impeller with the measurement plane so that the fluctuations due to periodic impeller motion are not part of the velocity fluctuations measured. Figure 12 shows both the simulated and experimental TKE values of the liquid, which were calculated only based on axial and radial velocity components. As we can see, TKE hotspots emerge in the impeller discharge region. In the simulations, the peak values of TKE reduce significantly with an increase of the number of particles present in the tank. The decay of TKE in the experiments is, however, stronger so that also in terms of TKE the simulations underestimate the damping of liquid flow due to the presence of solids. Turbulence attenuation due to particles is in accordance with the previous investigations in Li et al. (2018) , Unadkat et al. (2009) and Gabriele et al. (2011) .
Results and discussion
Comparisons between numerical and experimental results
Instantaneous particle distributions and instantaneous flow realizations
Averaged solids volume fraction
A more quantitative assessment of the levels of turbulence attenuation is given in Figure 13 . Here we show profiles that indicate the peak TKE values. In contrast to Figure 11 , that hardly shows an effect of the particles on simulated average velocity components, we now do see significant damping in the simulations. Where experimental TKE peak levels reduce by some 39% from 0% to 8% solids, simulated peak levels reduce by 21%. The width and shape of TKE peaks agrees reasonably well between simulation and experiment. a b
Conclusions
The 2D-PIV technique combined with the refractive index matching method has been used to simultaneously measure flow velocity and solids concentration in a stirred tank in the transitional flow regime for the first time. The flow around individual particles is well resolved so that it is possible to study how the particles affect the flow fields in detail.
Particle-resolved simulations with LB method have been performed to mimic the same solids suspension processes as in the PIV experiments. The flow fields including those around the particles have been fully resolved except for the flow in the gap between closely spaced particles where a lubrication force model has been applied. The simulation depicts the whole process of solid-liquid suspension in the stirred stank from the initial state and it shows that most of the particles are suspended and mixed throughout the whole tank after twenty impeller revolutions.
The novelty of this paper lies in confronting numerical results with experimental ones. For the first time, particle-resolved measurements and simulations are compared for an identical solid-liquid flow system operating under the same conditions.
Given the high solids loading (up to 8% by volume), the conditions are very challenging from an experimental as well as from a computational perspective. Careful refractive index matching is required in the experiment, whereas the simulations require high resolution in space and time.
The simulated results are in good agreement with the experimental data in terms of both the instantaneous and averaged solids distributions in the stirred tank. Particle concentrations are high underneath the impeller, which was expected based on preliminary estimates of the just-suspended impeller speed for this solid-liquid system. In addition, solids concentrations are also relative high in the corner of the tank as well as the near-wall region. Investigating the latter discrepancy thus is a major direction for future research. Also extending the experimental procedures so that also particle velocities can be measured simultaneously with liquid velocity is a priority.
